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1. INTRODUCTION

The effects of atmospheric turbulence in both horizontal and
near-horizontal flight, during the return of the Space Shuttle, are important
for determining design, control, and "pilot-in-the-loop" effects. A non-
recursive model (based on von Karman spectra) for atmospheric turbulence along
the flight path of the Shuttle Orbiter has been developed which provides for
simulation of instantaneous vertical and horizontal gusts at the vehicle center-
of-gravity, and also for simulation of instantaneous gust gradients. Based on
this model the time series for both gusts and gust gradients have been generated
and stored on a series of magnetic tapes which are entitled Snuttie Simulation
Turbulence Tapes (SSTT). The time series are designed to represent atmospheric
turbulence from ground level to an altitude of 10,000 meters.

The purpose of this document is to provide any potential user of
the SSTT with an appropriate description of the characteristics of the simu~
lated turbulence stored on the tapes, as well as instructions regarding their
proper use. Section 2 contains a discussion of the characteristics of the
turbulence series, including the spectral shape, cutoff frequencies, and
variation of turbulence parameters with altitude. Information regarding
the tapes and their use is presented in Section 3. References cited are

included in Section 4, Appendices A and B present the results of spectral
and statistical analyses of the SSTT.

[
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2. CHARACTERISTICS OF SIMULATED TURSULENCE

The non-recursive turbulence model usad to generate the SSTT is
based on von Karman spectra with finite upper lirits correspondinyg to the
dimensions of the Space Shuttle, relative to the scale of turbulence in the
atnosphere. Because the scale of turoulence increases with altitude while
the dimensions of the Space Shuttle are fixed, the finite uppef limits of
the von Karman spectra increase with altitude. [In order .0 take into account
these spectral changes, for each gust or gust gr:t!ient there are actually
four time series corresponding to four altitude hands extending from ground
level to 10,00 neters, as incicated in Table 2-1. A riore detailed description

of the characteristics ot the turbulence is provided in the subsections which
follow.

TABLE Z-1. TURBULENCE PARAMETERS FOR
ALTITUDE BANDS

. Finite Limit
Tire Interval , Von Karian Ler3th
Band | Lower | Upper (diwensionléss) of Spactrum Scala (m)
g |Limit}Limit (dirensionless)
(m | (m) —T T —T T
T “imac | omax | Samax | b 2 3
1 0 30 .6018 5.22| 3.38 7.22 47 30 18
2 30 100 .2300 13.66} 11.14] 31.27 | 123 99 78
3 100 762 .09431 33.314 33.76] 120.27 | 300 300 300
4 762 | 10000 .05309 59.18 59.97] 213.68| 533 533 533
2.1 TURBULENCE GENERATION PROCEODURE

The six types of SSTT are presented in Table 2-2. For each gust and
gust gradient series indicated in the table, the generation procedure involved
convolving a discrete white noise signal of unit variance with a discrete ap-
proximation of the impulse response function corresponding to the appropriate,
dimensionless spectrum (1]. Each of the resulting series consists of 8500
discrete signals. The time interval associated with each series was based on
the maximum frequency for which the simulation procedure is cons’dered valid.



TALLE 2-2.  TYreEs Or SIMULATLD TURBULENCE

Correspunding

Type .. Spectrum . Loments
Uy :11 tongitudinal gust
Uy :22 transverse qust
Us ‘,33 vertical « ,t
Buz/ "y ’.22/ e yavi

)u3/ox1 ﬂ33/11 pitcn
T'u3/'%x2 :35/22 roll

These time intervals and the corresponding limiting frequencies, SRINE are
included in Table 2-1. The limiciug frequencies were calculated according
to the relation

' 2 /0. 2-1
23 max aLy/e, (2-1)
whoere
a - 1.1
Li = scale of the i-th component of atmospheric turbulence
8; = characteristic length of Space Shuttle in i-th direction

Values of Li for the four bands are given in Table 2-1 while the characteristic
lengths, L, are presented in Table 2-3. It is important to note that the
values of Li correspond to von Karman spectra as opposed to Dryden spectra and

were derived from the local isotropy requirement discussed in subsection
3.2.



TABLE 2-3. CHARACTERISTIC DIMENSIONS
OF THt SPACE SHUTTLE

Characteristic Magnitude
_.length (fe) _(m). e Explanation
o 39.56* 12.06* mean aerodynamic chord
¢ 39.05 11.9 1/2 wingspan
l4 10.95 3.34 1/2 fuselage thickness
2.2 DIMENSIONLESS ENFRGY (CONTENT

The total dirensionless energy content of each time series for
each altitude band was establishad by integrating the corresponding Sjpectra
over the appropriate finite limits indicat:d in Table 2-1. The resulting enseryy
content is presented in Table 2-4. As might be expected the total dirensionless
energy content of each of the turbulent gust series is less than unity. The

TABLE 2-4. DIMENSIONLESS ENERGY CONTENT
FOR GUSTS AND GUST GRADIENTS

Spectrum r__________F__‘._“Mtitude Band
1 L 3 4

011 .5388 .7841 .8956 .9298
%20 .5772 .7942 .8952 .9296
34 .5225 .7646 .8809 .9197
022/11 1.2832 6.6484 24.768 54.125

033/11 1.1321 5.9699 22.644 49.528

033/22 .7049 4.9954 22.893 50.057

4

NN

»
This value is slightly greater than that previously reported {1] and is
derived from a more accurate source {2].

. 4
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dimension'zss enery, * content for earh gust gradient, however, is not liaited
in such a manner and range as high as54.125. For both gusts and gust gradients

the total energy content increasss with altitude because of similar increases
in the 1imits of integration.

2.3 VALIDATION OF SIMULATED THREBHLENCE

A spectral analysis of e2 . h of tre dimensionl2ss time series has been
carried out by means of a Fast fo.rier Transfor> i 74 (31, The reqilts, waich are
presented in Appendis A, demonstrate that the sinulated turbule ~e pusae,ies
the proper von Karuan spectral .haracteristics.

A1l of the dirensioriess tire seri2; have ~15G baan anal,red stats
tically to determine the gust and qust qgradient propbability density functiuns.
As shown in A nendix " tre results of tro,o arylyses andicate oot oo th tne
similated gusts and cust yradients are norrally distributed, with neir-zery
means and standard deviations consistent with the energy content presented
in Table 2-4.

- ‘
Actuaily the term “energy” is not precise when dealing with gust gradients.

. . Seme———



3. USE OF SIMULATED TURBULLNCE TAPES

The dimensionless sinulated turbulence time series are stored on
six magnetic tapes as summarized in Table 3-1. Each tape actually contains
four time series corresponcing to the four altitude bands described in Section
2. The appropriate procecures for reading the tapes are presented in sub-
section 3.1, while the proper method For converting the time series from
dinensionless to dimensioral form is described in subsection 3.2.

TABLE 3-1. [INDEX OF SHUTTLE SIMULATED
TURBULENCE TAPES (SSTT)

_Tepe_ . Time Series _...Lorments
SSTT-1 Uy - gust Tongitudinal qust
SSTT-2 u, - gust transverse gust
SSTT-3 ug - gust vertical gust
SSTT-4 auz/ax1 - gust gradient yaw
SSTT-5 3u3/ax1 - gust gradient pitch
SST17-6 au3/ax2 - qust gradient roll

3.1 READING THE TIME SERIES TAPES

The four time series on each tape are stored in parallel in
4-word logical records and are correlated (i.e., at any point in the time
series the 4 turbuience values are al) generated from the same string of
random numbers). Each time series consists of 8500 elements and thus each

tape contains 8500 4-word records. Pertinent characteristics of the tapes
are summarized in Table 3-2.

The first record on each tape contains a 36-character alphanumeric
descriptor. The seccnd record contains the time series identification number
(1-6), the number of points in the time series, and the dimensionless genera-
tion time step size for each altitude band. The format for this record is

' [
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Thows 3.2 MABGTIC TAPy CHARATTERISTICS
Natber of tracks: 9
Headeor typer IR
chara sy tyoe . T-hyt A7
Revcerndang der sty JuLosits e ok

"2IIOL,G{IX,HIAL 7). Fellow:r; thoss two resoris, rhe e Serte, 16 50 o
in d-word records as oresicusiy desootod and in tne format M3 a0
The order of storiaje in ea hrecord 15 from lowost to nig st altatase v
Thus the first word :n 2ach re-ord corresponds to bart =1, thne sceend Lo ba o
#2, etc.

In the a2l use ¢f tre tire series tag™s the saspling fro oy
may be difterent frow the frogusen , 2t which the tapes we  gororatod. (r
fact, the dv wnsionlass sampling frojiency 111 generally be vactar to. T

fore it will be necessary to in*ergolite the ifice series in orda to ot valu
at the proper points in dimensicnial time, Either zero-order or first-order
interpolation should be used. Also, as time projresses and altitude changes,

it will be recessary to switch altitude bands in the tire series consist.nt
with Table Z2-1. Because of the manner in which the 4 time series are genorated,

any discontinuity due to switching time series should be minimal.

3.2 CONVERSION TO DIMENSIONAL VALUES

The dimensionless time series on edach tape must be corverted to
dimensional form before actual use in a simulation exercise. The conversion
process generally involves multiplication and/or division by the apprapriate
turbulence parameters. For dimensionless gusts, u., the correspending standard
deviation, 04 should be used. Thus

»
T B O (3-1)

where

]
uy *® dimensional gust

- T G, -
AR IO AN EE - 5 - - -
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For dimensionless gust gradient, 3;1 , the parameters 5 and Li are used.
Thus - )

*

ou g, U,
RIS (3-2)

X L. dx,
i i %%

where
* * - - -
aui /ij = dimensional gust gradient

Conversion of dimensionless time step, T, involves vehicle velocity,Vv,and the
x-componeat of turbulence scale, Ll' Thus

*

At

al, /v (3-3)

where

*

At

dimensional time step

It is important to note that because both L1 and V vary with altitude,

*
the dimensional time step At is not a constant. To obtain dimensional
*
tive, t , a summation process is involved as follows:

N

* *

t, =2, At (3-4)

N n=0 n

N
= a1n2=30 LYy

where

Lin = L4(Zp)

v, = V(z)

Zn = altitude at nth step

Sen

- - -‘1
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The variation of the turbulence standard deviation, e with altituae is
presented in Yable 3-3. The save table contains the turbulence scale, li’
as a function of altitude. Netice should be taken that the valuas for F and
Li presented are designed for use with von Karman spectral models and therefore
differ somewhat from previously tabulated values (4] which were designed for
use with Dryden spectra. The von Karian s and Li have been computed based on
tha requirement fer local isotropy, which can be expressed as

.',2 \‘12
3 L“'Z‘/‘s' . 23 (3-5)
1 2 3

il
o

— |
ro
~

This method of corputation is consistent with the establishad procedure [5].

The vehicle speed, V, is a function of altitude but also may vary
from one trajectory to another. Table 3-4 provides vourorort9: se values of
V as a function of altitude.

P




TABLE 3-3.

AND LENGTH SCALE WITH ALTITUDE

VARTATIGN QF VON KARMAN STANDARD DEVIATION

STANDARD DEVIATION

INTEGRAL SCALES

ALT[TUDE OF TURBULENCE OF TURBULENCE
(m) Yi(m/sec)72(m/sec)%3(m/ sec ) Ll(m) LZ(m) L3(m)
10 1.79 1.49 1.12 19 10 5
20 2.15 1.80 1.43 34 20 11
30 2.39 2.06 1.74 47 30 18
40 2.57 2.26 1.95 59 40 26
50 2.73 2.43 2.14 70 50 34
60 2.86 2.58 2.30 82 60 42
70 2.98 2.72 2.44 92 70 51
80 3.09 2.84 2.58 103 80 60
90 3.19 2.95 2.70 112 89 69
100 3.28 3.05 2.81 123 99 78
200 3.93 3.83 3.7 214 197 180
300 4,37 4.37 4.36 296 295 294
304.8
400
500 4.39 4.39 4.39 300 300 300
600
700
762 * :
800 '
900 5.7 5,7 5{7
1524 ' ’ '
2000 5.79 5.79 5.79
3048 ; ; ;
4000
5000 5,52 5.52 5152 533 | 533 533
6096 ' '
00001 527 | s.27 | s.2r
8000 1
9144 | |
10000 4,22 4,22 4.22

10



TABLE 3-4. VARIATION OF SHUITLE VELOCITY
WITH ALTITUDL {6)

ALTLTUDE v
{(m) (m/sec)
BRI
300 166
H00 158
J000 170
AW 184
ol i) 200
3000 240
Ll 0!‘90 . i 300

11
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APPENDIX A

SPECTRAL ANALYSIS OF SIMULATED TURBULENCE

By means of a Fast Fourier Transform [3] spectral analyses of all
simulated turbulence have been performed. The results are presented in
dimensionless form in Figures A-1 through A-24. Table A-1 provides a summary
of these figures. Also included in each figure is the theoretical von Karman
spectra. The agreement between the theoretical spectra and the computed spectra
is quite satisfactory.

TABLE A-1. MATRIX OF SPECTRAL ANALYSIS FIGURES

SERIES ALTITUDE BAND
TYPE
1 2 3 4
freee e
u A-1 A-2 A-3 A-4
uy A-5 A-6 A-7 A-8
us A-9 A-10 | A-11 | A-12

3u2/3x1 A-13 A-14 A-15 A-16
3u3/3x1 A-17 A-18 A-19 A-20
3u3/8x2 A-21 A-22 A-23 A-24
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APPENDIX B

STATISTICAL ANALYSIS OF SIMULATED TURBULENCE

By means of standard statistical analysis procedures each of the
SSTT has been analyzed to determine its mean value, standard deviation, and
probability density distritution. The resulting wean values are presented
in Table B-1 while Table B-2 contains the resulting standard deviations.
As expected all mean v2luas were near zero. Tne standard deviations
represent the square root of the energy content. The ratio of the square
rost ot each theoreticcl energy content (from Table 2-4) to the corresponding
standqrd deviation (from Table B-2) is presented in Table B-3. The agreement
appears quite satisfactory.

The gust and gust gradient probability density distributions are
presented in Figures B-1 through B-24 in accordance with Table B-4. In each
figure the corresponding normal distribution is also presented. The results

indicate that both the gust and gust gradient time series are very cicie to
normal distributions.

TABLE B-1. MEAN VALUE OF GUST AND GUST GRADIENTS

SERIES ALTITUDE BAND

TYPE 1] 2 3 4

up -.006109 | -.009637 | -.015505 | -.020793
Uy -.005858 {~-.010306 | -.015392, | -.018100

ug  |-.005597 |-.010238 | -.015364 -| -.018100
u,/3x, | -.000015 |-.000269 | -.00217 | -.006183
dug/ax; |-.000014 |-.00027 | -.002198 | -.006188.|.
‘auy/ax, | -006585 | <ib1938B | -.043538

S
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TABLE B-2. STANDARD DEVIATION OF GUST AND GUST GRADILNTS
SERIES ALTITUDE BAND
TYRE r_m_T-‘.__, e N e
Uy 124352 .868642 .927039 .9466/72
u, . 756057 834176 .936133 .947323
Uy 719277 867329 .9283137 .9421133
BUZ/JKI 1.139387 1 2.591114 | 4.99)053 | 7.3873133
Yuy/ 1 1670499 | 2.45426 4.777666 | 7.063041
L-igz/sznit JR36263 | 2,225, H_ﬁ;ZEE?%E__ 7.049476w

TABLE B-3. RATIQ OF SOUARF 20w 1 (0 THFORETICAL
*
ENERGY CONTENT  TO THE OCSERVED STANDARD

DEVIATIONT
SERIES ALTITUCE BAND
TYPE 1 " ; p
u .03 | 1.0194 | 1.0208 | 1.0186
up 1.0008 | 1.0079 | 1.0007 | 1.0177
Uy 1.0050 | 1.0082 | 1.0109 | 1.0179
dupyan; | .9038 | 9981 | 9985 | 9959
: duy/ax, .9939 .9955 .9960 .9964
4 ug/an, | 1.0009 | 1.000 | 1.000 | 1.003%

i"memrcrth:ﬂ energy content taken from Table 2-4,
Tobserved standard deviation taken from Tabie B-2.

o 8-2

ot gt I N % e s e
B e .Y .

e el e g T e e BT g kA e 2T gt




R LI

et ®re s
LA

i:i
4

.
e W

PR
g b
#fywﬁ,

P
R
i

s

i

B
e
oM

‘} A

?' L
A

=

[ g e

TABLE B-4,

MATRIX OF STATISTICAL ANAYSIS FIGURES

SELRIES
TYPL

- - .. b [T S iamtasnn ey

ALTITUDE BAND

1 P B B
B-1 | B-2 B-3 B-4
B-5 | B8-6 B-7 B-8
-9 | B-10 | B-11 | B-12
B-13 | B-14 | B-15 | B-16
B-17 | 8-18 | B-19 | B-20
B-21 | B-22 | B-23 | B-24
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